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Background & Aims: Our previous studies have shown
that Cryptosporidium parvum induces biliary epithelial
cell apoptosis in vivo and causes apoptosis in bystander
uninfected biliary epithelia in vitro. We analyzed C. par-
vum–induced nuclear factor kappa B (NF-kB) activation
in human biliary epithelial cells and assessed its rele-
vance to epithelial cell apoptosis. Methods: In vitro mod-
els of cryptosporidial infection using a human biliary
epithelial cell line were used to assay C. parvum–
induced NF-kB activation and associated apoptosis.
Results: Degradation of IkB and nuclear translocation of
the NF-kB family of proteins (p65 and p50) were ob-
served in the biliary epithelial cell cultures directly ex-
posed to the parasite. Activation of NF-kB was found
only in directly infected cells (but not in bystander unin-
fected cells). A time-dependent secretion of a known
NF-kB gene product, interleukin 8, from infected cell
cultures was detected. C. parvum–induced biliary epithe-
lial cell apoptosis was limited to bystander uninfected
cells. In contrast, inhibition of NF-kB activation resulted
in apoptosis in directly infected cells and significantly
enhanced C. parvum–induced apoptosis in bystander
uninfected cells. Conclusions: These observations sup-
port the concept that, while C. parvum triggers host cell
apoptosis in bystander uninfected biliary epithelial cells,
which may limit spread of the infection, it directly acti-
vates the NF-kB/IkB system in infected biliary epithelia
thus protecting infected cells from death and facilitating
parasite survival and propagation.
Cryptosporidium parvum is an intracellular protozoanparasite and an important causative agent of human
gastrointestinal disease worldwide. Although infection
in immunocompetent hosts usually results in diarrhea,
which is self-limited, in immunocompromised patients,
particularly those with acquired immunodeficiency syn-
drome (AIDS), the infection may be life-threatening.1
Patients with AIDS infected with C. parvum also develop
extraintestinal disease, most frequently of the biliary
tract, resulting in sclerosing cholangitis and cholecystitis
in some patients.2,3 Indeed, C. parvum is the single most
common identifiable pathogen infecting the biliary tract
in AIDS patients, has been found in up to 65% of
patients with so-called AIDS cholangiopathy,4,5 and is
associated with a poor prognosis. The nature of the
immune response to C. parvum is not completely clear,
although a low CD4 T-cell count in AIDS patients is
associated with chronic severe infection.2 Despite the
prevalence and poor outcome of cryptosporidiosis in pa-
tients with AIDS, the pathogenesis is poorly understood,
and there is currently no fully effective medical therapy.1
Histologic changes associated with intestinal crypto-
sporidiosis are relatively nonspecific, with blunting of
villi, hyperplasia of intestinal crypt cells, and infiltration
of inflammatory cells into the lamina propria. Neutro-
philic infiltrate, epithelial cell apoptosis, villus blunting,
cryptitis, and reactive epithelial changes in the intestine
in AIDS patients with cryptosporidiosis have been shown
to be associated with intensity of C. parvum infection.6
Biliary cryptosporidiosis is also associated with a non-
specific inflammatory response. Histologically, there is
periductal inflammation with interstitial edema, mixed
inflammatory cell infiltrates, and hyperplasia and dilata-
tion of the periductual glands.7 In previous studies, we
reported that C. parvum causes biliary epithelial cell
apoptosis in AIDS patients.3,8 Using an in vitro model of
biliary cryptosporidiosis using a human biliary epithelial
cell line, we further observed that C. parvum infection of
biliary epithelial cells induces bystander-uninfected epi-
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thelial cells to undergo apoptosis by a Fas/Fas ligand
(FasL)-dependent apoptotic mechanism.9 However, the
molecular mechanisms by which C. parvum does not kill
directly infected cells, while causing apoptosis in by-
stander uninfected cells, are unclear.
Activation of nuclear transcription factors plays a cen-
tral role in the gastrointestinal epithelial cell response
induced by infection with enteroinvasive pathogens in-
cluding parasitic protozoans such as Theileria parva.10
The nuclear factor kappa B (NF-kB) family of transcrip-
tion factors regulates the activation of a wide variety of
genes that respond to immune or inflammatory signals in
epithelial cells.11 NF-kB is also known to activate a
number of intracellular survival signals such as the c-Myc
protooncogene (c-Myc), inhibitor-of-apoptosis (IAP) pro-
teins c-IAP1 and c-IAP2, and Bcl-xL, and to play a
critical role in protecting cells from apoptosis induced by
tumor necrosis factor (TNF)-a, Fas agonistic antibody,
radiation, and chemotherapeutic drugs.12–15 Although
expression of NF-kB gene products such as TNF-a and
interleukin (IL)-8 in C. parvum infection of intestinal
epithelial cells has been documented,16,17 whether C.
parvum can activate nuclear transcription factors such as
NF-kB is unclear, and nothing is known about the poten-
tial relationships among C. parvum–induced pathology and
nuclear transcription factor activation in any epithelial
cell.
Given that C. parvum–induced apoptosis is limited to
bystander uninfected cells in vivo8 and that NF-kB has
been shown to suppress apoptosis induced by a range of
stimuli,12–15 we investigated the specific role of parasite-
induced NF-kB activation in the survival of C. parvum–
infected biliary epithelial cells. The data reported here
show that in directly infected biliary epithelia, C. parvum
activates NF-kB resulting in IL-8 secretion and inhibi-
tion of epithelial cell apoptosis. We propose that, in vivo,
these events both account for the inflammatory response
characteristic of C. parvum infection and facilitate para-
site survival and propagation.
Materials and Methods
C. parvum
C. parvum oocysts harvested from calves inoculated
with a strain originally obtained from Dr. Harley Moon at the
National Animal Disease Center in Ames, IA, were purchased
from a commercial source (Pleasant Hill Farms, Troy, ID).
Oocysts were purified using a modified ether extraction tech-
nique, then suspended in phosphate-buffered saline (PBS) and
stored at 4°C. Before infecting the cells, oocysts were treated
with 1% sodium hypochlorite on ice for 20 minutes and
subjected to an excystation solution consisting of 0.75% tau-
rodeoxycholate and 0.25% trypsin for 30 minutes at 37°C.
The viability of oocysts and the excystation rate were deter-
mined as previously described by others.18,19 Oocysts used in
the experiments were 70%–90% viable depending on the lot
and period of storage. Therefore, an optimal dose of oocysts
was used from each new batch of oocysts, and usually 3–5 3
106 oocysts could release 5 3 106 sporozoites.
Cell Culture and Infection
H69 cells (a gift of Dr. D. Jefferson, Tufts University,
Boston, MA) are SV40-transformed human bile duct epithelial
cells originally derived from normal liver harvested for trans-
plant. These biliary epithelial cells continued to express biliary
epithelial cell markers, including cytokeratin 19, gamma glu-
tamyl transpeptidase, and ion transporters consistent with
biliary function and have been extensively characterized pre-
viously.20 Stock cultures of these nonmalignant but immor-
talized cells were maintained in coculture with irradiated
NIH3T3 mouse fibroblasts and were grown in a hormonally
supplemented medium with 10% fetal bovine serum. For
experiments, cells were maintained for 3 passages without
coculture cells to ensure that the culture was free of fibroblasts.
All experiments were performed with cells between passage 23
and 26. Infections were performed using a coculture system as
described previously.9 Briefly, H69 cells were grown to 70%–
80% confluency in 6-well Costar tissue culture inserts (Becton
Dickinson Labware, Parsippany, NJ) with cells both on the
inserts (upper chamber) and on the plates below the inserts
(lower chamber). The 2 cell populations were physically sep-
arated by a polycarbonate membrane with a high density of 0.4
mm pore size, which allows free exchanges of molecules (but
not C. parvum sporozoites) between the upper and lower media
reservoirs. Only the cells on the inserts (upper chamber) were
exposed to the organism. Infection with C. parvum was done in
a culture medium consisting of DMEM-F12 (Bio Whittaker,
Walkersville, MD), 100 U/mL penicillin, and 100 mg/mL
streptomycin (referred to hereafter as assay medium) and
freshly excysted C. parvum sporozoites (1 3 106 sporozoites/
slide well). Inactive organisms (treated at 65°C for 30 minutes)
were used for sham infection controls.21 In another control
experiment, live sporozoites were added to the upper chamber
of the inserts without H69 cells and then cocultured with H69
cells grown on the plates in the lower chamber. In some
experiments, H69 cells were also seeded into 4-well chamber
slides or 6-well Costar tissue culture plates and grown to
70%–80% confluence and then exposed to C. parvum. To
reduce the effects of cell differentiation on C. parvum infection
to a minimum, 70%–80% confluence of H69 cells (24 hours
after seeding) were used for all experiments. Infection assay was
carried out after 2 hours of incubation with the parasite using
an indirect immunofluorescent technique as previously de-
scribed.22,23 About 15%–35% of biliary epithelial cells ex-
posed to the parasite were infected directly by the organism,
similar to other models using intestinal epithelial cells.24,25
In some experiments, infection was carried out in the pres-
ence of various specific inhibitors to NF-kB activation. A
peptide-aldehyde proteasome (IkBa degradation) inhibitor,
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MG-132 (Sigma, St. Louis, MO), and a specific NF-kB inhib-
itory peptide, SN50 (BIOMOL Research Laboratories, Inc.,
Plymouth Meeting, PA),26 were used. Because these agents
alone can induce cell death, H69 cells were cultured with
various concentrations of these agents for 24 hours to deter-
mine the appropriate concentrations of MG-132 and SN50 for
the study. Treated cells were then either incubated with flu-
orescein diacetate (50 mmol/L; Sigma) and propidium iodide
(20 mmol/L; Sigma) for 5 minutes at room temperature to
assess cell viability by fluorescence microscopy as previously
reported22 or assessed for apoptosis by 4,6-diamidino-2-phe-
nylindole (DAPI) (Sigma) staining.9 A concentration of 1
mmol/L of MG-132 or 50 mg/mL of SN50 showed no cytotoxic
or apoptotic effects on H69 cells and were selected for study.
For the inhibitory experiments, H69 cells grown on the inserts
of the coculture system or 4-well chamber slides were washed
with DMEM-F12 and then exposed to C. parvum. MG-132 or
SN50 was added in the assay medium at the same time C.
parvum was added.
Immunoblots of IkBa
H69 cells on the inserts of the coculture system were
exposed to viable C. parvum sporozoites for 0, 12, and 24 hours,
and cells both on the inserts and on the plates were harvested
for protein extraction. After cell culture medium was removed,
cells were lysed and quantitative immunoblots were performed
as previously described.9,27 Briefly, cells were lysed with the
M-PER mammalian protein extraction reagent (Pierce, Rock-
ford, IL) and protein concentrations were determined using
Bradford reagent according to the instructions of the supplier
(Sigma). Twenty micrograms of lysate protein per lane were
separated by sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis under reducing conditions and blotted onto nitro-
cellulose membranes. Membranes were sequentially incubated
with the IkBa antibody (C-21; Santa Cruz Biotechnology,
Santa Cruz, CA), and then with 0.2 mg/mL of horseradish
peroxidase–conjugated secondary antibody and revealed with
enhanced chemiluminescence light substrate (ECL; Amer-
sham, Buckinghamshire, England).
Gel Shift and Antibody Supershift Assays
H69 cells were seeded on 6-well plates and grown to
70%–80% confluence. Nuclear extracts were prepared from
cells either before or after exposure to viable C. parvum sporo-
zoites for various lengths of time (0, 12, 24 hours) according to
a previously published technique.28 Briefly, after aspiration of
cell culture medium, cells were rinsed twice with ice-cold PBS.
Cells were then lysed in cytoplasmic extraction buffer (10
mmol/L HEPES [pH 7.9], 1.5 mmol/L MgCl2 , 10 mmol/L
KCl, 0.2 mmol/L phenylmethylsulfonyl fluoride, 1 mg/mL
pepstatin, and 0.5 mg/mL leupeptin) for 5 minutes at 4°C. The
cells were removed by scraping and the nuclei separated from
the cytosol by centrifugation at 2500 rpm for 3 minutes. The
nuclear extracts were then snap frozen in dry ice and resus-
pended in nuclear extract buffer (20 mmol/L HEPES [pH 7.9],
25% glycerol, 1.5 mmol/L MgCl2 , 0.42 mol/L NaCl, 0.2
mmol/L EDTA, 0.2 mmol/L phenylmethylsulfonyl fluoride, 1
mg/mL pepstatin, and 0.5 mg/mL leupeptin), vortexed for 1
minute, and incubated on ice for 10 minutes. The nuclear
extract was vortexed again and resuspended in a buffer (20
mmol/L HEPES [pH 7.9], 20% glycerol, 0.05 mol/L KCl, 0.2
mmol/L EDTA, 0.2 mmol/L phenylmethylsulfonyl fluoride, 1
mg/mL pepstatin, and 0.5 mg/mL leupeptin) after centrifuga-
tion at 12,000 rpm for 10 minutes. Protein concentration was
determined with Bradford reagent (Sigma).
Gel shift assays were formed with the gel shift assay system
(Promega, Madison, WI), as specified by the manufacturer.
Sequence of double-stranded consensus oligonucleotide for
NF-kB used in the gel shift reactions was 59-AGT TGA GGG
GAC TTT CCC AGG C-39 (Promega). Probe labeling was
carried out as specified by the manufacturer with [32P] aden-
osine triphosphate (3000 Ci/mmol; 10 mCi/mL; DuPont NEN
Research Products, Boston, MA). Competition studies were
performed with a 10-fold molar excess of unlabeled oligonu-
cleotide added to the reaction mixtures before the addition of
radiolabeled oligonucleotide probe. Reaction mixtures were
analyzed on 5% nondenaturing polyacrylamide gels prepared
with 0.53 TBE buffer (89 mmol/L Tris-HCl [pH 8.0], 89
mmol/L boric acid, and 2 mmol/L EDTA) as the running
buffer. The gels were electrophoresed at 100 V for 2–3 hours
and subjected to autoradiographic exposure for 10–18 hours.28
For antibody supershift assays, antibodies targeted against
p65, p52, p50, and Rcl (100 mg/0.1 mL) (Santa Cruz Biotech-
nology) were used. Before the addition of radiolabeled oligo-
nucleotide probe, 2 mg of antibodies was added to the gel shift
reaction mixtures, and followed by incubation at 37°C for 20
minutes. Each reaction mixture was analyzed, as for the gel
shift assays described above, on a 5% nondenaturing polyacryl-
amide gel.28
Confocal Microscopy for NF-kB Nuclear
Translocation
H69 cells were grown on 4-well chamber slides to
70% confluence and then exposed to C. parvum sporozoite as
described above. After 24 hours of incubation, cells were fixed
(0.1 mol/L 1,4-piperazinediethanesulfonic acid [pH 6.95]
and 1 mmol/L ethylene glycol-bis(b-aminoethyl ether)-
N,N,N9,N9-tetraacetic acid [EGTA]) and permeabilized with
0.2% (vol/vol) Triton-X100 in PBS. Slides were incubated
with a primary monoclonal antibody to p65 in its activated
form (Boehringer Mannheim, Mannheim, Germany),29 mixed
with a polyclonal antibody against C. parvum sporozoite mem-
brane proteins (a generous gift from Drs. Guan Zhu and Janet
Keithly, Wadsworth Center, Albany, NY), and followed by
rhodamine-labeled anti-mouse and fluorescein-labeled anti-
rabbit antibodies. Slides were mounted with mounting me-
dium (H-1000; Vector Laboratories, Burlingame, CA) and
assessed by confocal laser scanning microscopy. With an anal-
ysis system of the LSM 310 provided by Carl Zeiss, Inc.
(Oberkochen, Germany), fluorescence intensities of fluorescein
isothiocyanate (FITC) for activated p65 in the cell nuclei were
measured from 200 randomly selected cells for each group.
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Images obtained from the confocal microscope were manipu-
lated uniformly for contrast and intensity using the Adobe
(Mountain View, CA) Photoshop software and printed with a
Phase 400 color printer.
Enzyme-Linked Immunosorbent Assays
To analyze the production of NF-kB–associated proin-
flammatory cytokines by H69 cells in response to C. parvum
infection, H69 cells were grown to subconfluence in 4-well
chamber slides. After different times of incubation with assay
medium containing freshly excysted sporozoites and various
specific inhibitors, supernatants were collected to assay the
cytokines and cells were harvested for protein determination.
IL-8 concentration in the supernatants was determined by
enzyme-linked immunosorbent assay (ELISA) using a commer-
cial kit (R&D System Company, Minneapolis, MN). Cells were
lysed with the M-PER mammalian protein extraction reagent
(Pierce), and protein concentrations were assessed with Brad-
ford reagent (Sigma). The concentrations of IL-8 detected were
calculated from standard curves prepared with the recombi-
nant proteins and expressed as picogram IL-8 per microgram
cell protein.
Analysis of Apoptosis
H69 cells were grown on 4-well chamber slides to
70% confluence and then exposed to C. parvum sporozoites in
the presence or absence of MG-132 and SN50. After 24 hours
of incubation, cells were fixed and immunostained for C.
parvum followed by DAPI staining for apoptosis.9,30 Briefly,
cells were fixed (0.1 mol/L 1,4-piperazinediethanesulfonic acid
[pH 6.95], 1 mmol/L EGTA, 3 mmol/L MgSO4, and 2%
paraformaldehyde) and permeabilized with 0.2% (vol/vol) Tri-
ton-X100 in PBS. Slides were incubated with the primary
polyclonal antibody against C. parvum membrane proteins
followed by a rhodamine-labeled anti-rabbit antibody. After
washing with PBS, slides were exposed to the nuclear staining
dye, DAPI (2.5 mmol/L, 5 minutes). Slides were then mounted
with mounting medium (H-1000; Vector Laboratories) and
assessed by confocal laser scanning microscopy as described
above.
Statistics
All values are given as mean 6 SEM. Means of groups
were compared with the Student (unpaired) t test or analysis of
variance test where appropriate. P , 0.05 was considered
statistically significant.
Results
C. parvum Infection Activates the NF-kB
System and Induces IL-8 Production in
Infected H69 Cell Cultures
To assess whether the NF-kB/IkB pathway is
activated by C. parvum infection in H69 cells, IkBa
protein in total cell lysate and NF-kB complexes in the
nuclei of C. parvum–infected cell cultures were deter-
mined by immunoblotting and electrophoretic gel shift
assay, respectively. As shown in Figure 1, by 12 hours
after infection, the levels of IkBa protein in cells from
the inserts (upper chamber), which were directly exposed
to the parasite, had diminished, with an 80% decrease by
24 hours after infection. No decrease of IkBa in cocul-
tured cells from the plates (lower chamber) was found at
any time points. In conjunction with these experiments,
electrophoretic gel shift assays showed only a small
amount of NF-kB in the nucleus of sham-infected cells.
In contrast, there was a consistent increase of NF-kB in
the nuclei of cells from the inserts (upper chamber) 12
and 24 hours after infection, whereas cocultured cells
from the plates (lower chamber) showed no increase of
NF-kB nuclear translocation (Figure 2A ). The nuclear
complexes activated by C. parvum infection reacted in gel
supershift assays with polyclonal antibodies to both p50
and p65 but not to p52 and Rcl (Figure 2B). Cells on the
plates cocultured with C. parvum alone in the inserts
(only parasite without cells in the insert) also showed no
increase of NF-kB nuclear translocation (data not
shown). These observations suggest that IkBa is being
degraded to activate the NF-kB system in infected cells
after C. parvum infection and the NF-kB activation re-
quires direct parasite/host cell interaction.
To further confirm C. parvum–induced activation of
the NF-kB system, secretion of IL-8, a well-known gene
product of NF-kB, from biliary epithelial cells in re-
sponse to infection was assessed. H69 cells were incu-
bated with C. parvum for 0, 12, 24, and 48 hours and
supernatants were collected to measure IL-8 by ELISA.
As shown in Figure 3, although both H69 cells from
normal and sham-infected controls consistently secreted
low levels of IL-8, a time-dependent increase of IL-8
secretion was found in the supernatants from cells incu-
bated with C. parvum. Increase of IL-8 release was first
noted at 12 hours after infection and was found to
increase continuously up to about 3-fold compared with
sham-infected controls at 48 hours after infection. Both
MG-132, a well-known potent specific proteasome in-
hibitor that prevents IkBa degradation, and SN50, a
specific cell-permeable inhibitory peptide that blocks
NF-kB DNA binding in the nucleus, significantly de-
creased IL-8 production (Figure 3B).
C. parvum Induces NF-kB Activation Only in
Directly Infected, not Bystander-Uninfected,
Biliary Epithelial Cells Observed by
Immunofluorescent Microscopy
Because only 15%–35% of the cells exposed to
the parasite are directly infected by the organism,22
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NF-kB activation might occur in directly infected and/or
bystander uninfected cells in the monolayers directly
exposed to the organism in the coculture system. To
address this question, H69 cells were grown on 4-well
chamber slides and then exposed to C. parvum and fixed
for immunofluorescent microscopy. Cells that showed
NF-kB nuclear translocation and were directly infected
by the parasite were identified by a primary monoclonal
antibody to p65 in its activated form mixed with a
primary polyclonal C. parvum antibody followed by rho-
damine-labeled anti-mouse and fluorescein-labeled anti-
rabbit antibodies. As shown in Figure 4B, cells from
sham-infected controls did not show any C. parvum direct
infection of cells, and these cells showed only a very weak
reaction to p65 in the nuclei similar to the reaction found
in normal control cells (Figure 4A ). However, after a
24-hour incubation with the parasite, cells directly in-
fected by C. parvum showed a significant increase of
reaction to p65 in the nuclei (Figure 4C ). In contrast,
bystander-uninfected cells showed a similar reaction as
sham infection controls. Semiquantitative analysis
showed a significantly higher FITC fluorescent intensity
for p65 in the nuclei of directly infected cells than in




To clarify the relationship of C. parvum–induced
NF-kB activation and associated epithelial apoptosis in
biliary epithelial cells, apoptosis in H69 cells was as-
sessed by nuclear binding dye DAPI staining after incu-
bation with the parasite for 24 hours in the presence of
various reagents to inhibit NF-kB activation. As shown
in Figure 5A, cells from normal and sham-infected con-
trols, as well as cells treated with 1 mmol/L of MG-132
or 50 mg/mL of SN50 alone, showed only a few cells
undergoing apoptosis. Consistent with our previous re-
port,9 10%–14% of cells exposed to C. parvum for 24
hours exhibited nuclear condensation and segmentation,
characteristic nuclear changes associated with apoptosis
of epithelial cells. MG-132 and SN50 significantly in-
creased C. parvum–induced apoptosis in H69 cells (Fig-
ure 5A ).
To identify those cells that were undergoing apoptosis
and those that were directly infected by the organism,
H69 cells grown on 4-well chamber slides were exposed
to C. parvum for 24 hours and then observed by immu-
nofluorescent microscopy. When stained with nuclear
binding dye DAPI for apoptosis and a primary polyclonal
Figure 1. Immunoblotting of C. parvum–induced IkBa degradation in H69 cells. H69 cells were grown on the upper and lower chambers of the
coculture system and only the cells in the upper chambers were exposed to C. parvum. After 12 and 24 hours of incubation with C. parvum
sporozoites, cells from both the upper and lower chambers were lysed and subjected to quantitative immunoblotting. (A) Representative
immunoblots for IkBa in H69 cells. (B) Densitometric analysis of IkBa expression for 3 separate experiments. Degradation of IkBa was found
in cell cultures directly exposed to the organism in the upper chambers, but not in cells cocultured in the lower chambers. b-actin was also
immunoblotted to ensure equal loading of proteins to each lane. *P , 0.05 compared with sham infection.
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antibody to C. parvum followed by FITC-conjugated
secondary antibody, cells undergoing apoptosis were
found to be limited to bystander-uninfected ones; cells
directly infected by the organism rarely exhibited apop-
totic nuclear changes (Figure 5B, panel b). In contrast, in
the presence of MG-132 (Figure 5B, panel c) or SN50
(Figure 5B, panel d), not only bystander-uninfected cells
but also directly infected cells were found to exhibit
nuclear changes characteristic of apoptosis. These results
are consistent with our previous in vivo observation in
patients with AIDS with biliary cryptosporidiosis,8 sug-
gesting that C. parvum–induced biliary epithelial apop-
tosis is limited to bystander-uninfected cells. These ob-
servations also suggest that NF-kB activation in directly
infected cells might be responsible for their resistance to
apoptosis.
Discussion
The major findings described here relate to the
interaction of C. parvum with biliary epithelia. Our data
show, for the first time, the following: (1) C. parvum
Figure 2. Gel shift and antibody supershift assays of C. parvum–
induced NF-kB nuclear translocation in H69 cells. H69 cells were
grown on the upper and lower chambers of the coculture system and
only the cells in the upper chambers were exposed to C. parvum. After
12 and 24 hours of incubation with C. parvum sporozoites, nuclear
extracts were made from cells of both the upper and lower chambers
and then subjected to gel shift or antibody supershift assays. (A) Gel
shift assay of NF-kB in the nuclear extracts of H69 cells. A consistent
increase of shift complexes for NF-kB was found in the nuclear
extracts from cell cultures directly exposed to the organism for 12 and
24 hours in the upper chambers, but not in cells cocultured in the
lower chambers. The specificity of complex formation was confirmed
by addition of a 10-fold molar excess of unlabeled oligonucleotide
(Neg. Ctrl). (B) Antibody supershift analysis of activated NF-kB spe-
cies. Nuclear extracts from H69 cells in the upper chambers after a
24-hour incubation with the parasite were subjected to gel supershift
analysis using antibodies against the NF-kB subunits p65, p52, p50,
and Rcl. Supershifted complexes were found for antibodies against
p65 and p50 (arrowheads), but not for p52 and Rcl.
Figure 3. C. parvum–induced IL-8 secretion and its blockage by NF-kB
inhibition in H69 cells. H69 cells were grown on 4-well chamber slides
and exposed to C. parvum for various lengths of time. The superna-
tants were collected and subjected to ELISA for IL-8 and cells were
collected for protein determination. (A) A time-dependent increase of
IL-8 secretion was found in the supernatants from cell cultures ex-
posed to the organism compared with the normal and sham infection
controls. (B) Both MG-132 and SN50 significantly blocked IL-8 secre-
tion induced by C. parvum in H69 cells. Data are from 3 separate
experiments. *P , 0.05 compared with sham infection controls; #P ,
0.05 compared with infection without any inhibitors.
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Figure 4. C. parvum–induced NF-kB nuclear translocation in directly infected H69 cells by immunofluorescent confocal microscopy. H69 cells
grown on 4-well chamber slides were exposed to C. parvum for 24 hours. The slides were then fixed and analyzed by double staining using a
monoclonal antibody against p65 in its activated form and a polyclonal antibody against C. parvum followed by secondary rhodamine/fluorescein-
labeled antibodies. P65 in its activated form in the nuclei was stained red and C. parvum stained green (arrowheads). Very weak staining of p65
was found in the nuclei of cells from both (A) normal and (B) sham-infected controls. (C) Whereas bystander uninfected cells showed no increase
of staining of p65, cells directly infected showed very strong staining of p65 in their nuclei. (D) Semiquantitative analysis showed a significant
increase of FITC fluorescent intensity of p65 in the nuclei of directly infected cells compared to that of bystander uninfected cells and sham
infection control. *P , 0.05 compared with sham infection control and uninfected bystander cells. Bar 5 5 mm.
Figure 5. C. parvum–induced epithe-
lial cell apoptosis in H69 cells. H69
cells were grown on 4-well chamber
slides. After 24 hours of incubation
with C. parvum, cells were fixed and
subjected to DAPI staining (nuclei
stained blue) for apoptosis or
costaining of DAPI with a polyclonal
antibody against C. parvum (stained
red). (A) Quantitative analysis of apo-
ptosis. Only a few apoptotic cells
were found in cells from sham infec-
tion controls or those treated with
MG-132 or SN50 alone. Although
10%–15% of cells were found under-
going apoptosis after 24 hours of in-
cubation with the parasite by DAPI
staining, a significant increase of ap-
optosis was found in cells exposed to
the parasite in the presence of MG-
132 or SN50 compared with cells in-
cubated with C. parvum alone. (B) Ap-
optosis observation by confocal
microscopy. Whereas nuclei of cells
directly infected with the organism
showed (B, panel b) similar nucleus
staining as (B, panel a) normal con-
trols, (B, panel b) nuclei of bystander-
infected cells show condensation and
segmentation (arrows) of nucleus
with fluorescent DNA binding dye
DAPI. (B, panels c and d) In contrast,
apoptosis was found in both bystand-
er-uninfected (arrows) and directly in-
fected (arrowheads) cells in the pres-
ence of MG-132 or SN50. *P , 0.05
compared with sham infection con-
trols; #P , 0.05 compared with infec-
tion without any inhibitors. Bar 5 5
mm.
infection of cultured human biliary epithelia activates
the NF-kB/IkB pathway in directly infected cells, but
not in bystander-uninfected cells; (2) C. parvum–induced
biliary epithelial cell apoptosis is limited to bystander-
uninfected cells in vitro; and (3) inhibition of NF-kB
activation results in apoptosis in directly infected cells
and enhances C. parvum–induced apoptosis in bystander
uninfected cells. The data suggest that C. parvum acti-
vates NF-kB in directly infected biliary epithelia, a
process that induces IL-8 secretion and inhibits apoptosis
in these cells. As a result, the organism’s ability to
survive and propagate is enhanced by the NF-kB–in-
duced resistance to apoptosis of infected cells.
Epithelial cells that line the intestine and biliary tree
are the initial site of interaction between the host and
enteroinvasive microbial pathogens. After microbial in-
fection, epithelial cells rapidly express a number of genes,
the products of which activate mucosal inflammatory and
immune responses and alter epithelial cell functions.31
Nuclear transcription factors such as NF-kB play a cen-
tral role in the gastrointestinal epithelial cell response to
infection with pathogens including Shigella flexneri, Lis-
teria monocytogenes, Salmonella typhimurium, many viruses,
and parasitic protozoans such as Theileria parva.10,32–34
For some pathogens (e.g., Helicobacter pylori), the NF-kB
system is activated via indirect pathways involving sol-
uble factors released from infected cells and is not limited
to cells directly infected by the pathogen.35 For other
pathogens (e.g., Rickettsia rickettsii), the activation of
NF-kB requires direct pathogen/host cell interactions
and is limited to directly infected cells.36 In most cells,
NF-kB exists in a latent state in the cytoplasm bound to
inhibitory proteins (collectively called IkBs) that mask
its nuclear localization signal. This latent form can be
activated by a variety of agents that signal phosphoryla-
tion and subsequent degradation of IkBs. Activated
NF-kB is then free to translocate to the nucleus and by
its nuclear translocation and binding to the NF-kB
binding motif, NF-kB acts synergistically with other
nuclear factors such as AP-1, NF–IL-6, etc., to activate a
variety of genes involved in the immune or inflammatory
epithelial cell response to infection.11 In certain epithe-
lia, NF-kB activation may also activate intracellular sur-
vival signals to prevent the infected cell from dying.12
Secretion of NF-kB–regulated gene products such as
prostaglandin E2, TNF-a, and IL-8 in epithelial cells in
response to C. parvum infection has been documented in
vivo and in vitro.16,17,37 However, whether C. parvum can
activate nuclear transcription factors such as NF-kB is
unclear and nothing is known about the potential rela-
tionships among C. parvum–induced pathology and nu-
clear transcription factor activation in any epithelial cell.
Using a coculture system, we found that NF-kB activa-
tion only occurs in cells directly exposed to the parasite.
Activation of NF-kB in directly infected biliary epithelia
(but not in bystander-uninfected or cocultured cells) was
further confirmed by immunofluorescent costaining and
confocal microscopy using a monoclonal antibody against
p65 in its activated form and a polyclonal antibody to C.
parvum. Thus, a direct parasite/host cell interaction is a
prerequisite for NF-kB activation; soluble factors from
the parasite or the infected cells are not involved.
The kinetics of the biliary epithelial cell NF-kB acti-
vation and IL-8 secretion in response to C. parvum infec-
tion is consistent with a previous report using an in vitro
model of intestinal cryptosporidiosis.16 However, these
kinetics are markedly different from those seen after
infection of epithelial cells with invasive bacteria or
rapidly cytolytic pathogens such as Entamoeba histo-
lytica.38 We found that the NF-kB activation and secre-
tion of IL-8 were delayed 12–24 hours after infection and
for at least 48 hours. In contrast, epithelial cell infection
with invasive pathogens (e.g., Salmonella, Yersinia, or
enteroinvasive Escherichia coli strains) results in rapid
(2–3 hours) but brief (4–10 hours) IL-8 secretion by
epithelial cells.39–41 The relatively delayed NF-kB acti-
vation in response to C. parvum in biliary epithelia sug-
gests that C. parvum–induced NF-kB activation in
biliary epithelia is not directly associated with the at-
tachment to and invasion of the cell by the organism. It
is more likely that interactions between the organism
and the host cell during the late stage of infection (i.e.,
when the parasite already resides in the parasitophorous
vacuole) triggers IkBa degradation and NF-kB nuclear
translocation. Although the attachment of C. parvum to
the biliary epithelial cell membrane depends on a Gal/
GalNAc–associated parasite protein,22 entry of the or-
ganism into the epithelial cell involves active host cell
plasma membrane spreading to form a parasitophorous
vacuole, a organelle that keeps the parasite intracellular
but extracytoplasmic.8,42
Increasing numbers of microbial pathogens mediate
apoptosis in vivo, and host cell apoptosis could represent
a host defense reaction to limit microbial production and
eliminate spread of organisms. Inhibition of host cell
apoptotic death, therefore, could be advantageous for
some pathogens, particularly intracellular pathogens,
which depend on host cells to survive and propagate.
Indeed, several pathogens, including herpes-, pox-, and
baculoviridae, have evolved or acquired genes that spe-
cifically inhibit the apoptotic machinery43; NF-kB acti-
vation has been shown to guarantee cell survival during
June 2001 BILIARY CRYPTOSPORIDIAL INFECTION AND NF–kB ACTIVATION 1781
Rickettsia rickettsii infection.36 Intestinal epithelial cell
apoptosis is a conserved response to bacterial invasion;
many bacteria (e.g., Salmonella and Escherichia coli) can
trigger apoptosis in intestinal epithelia.44 However,
whether pathogens can inhibit epithelial cell apoptosis is
obscure. C. parvum has a monoxenous life cycle, i.e., all
stages of development (asexual and sexual) occur in one
host. Parasite survival therefore depends on persistent
epithelial cell infection. While we have previously shown
that C. parvum infection of biliary epithelial cells induces
bystander-uninfected cells to undergo apoptosis,8,9 it is
unclear how directly infected epithelial cells can survive
while C. parvum kills bystander-uninfected cells via ap-
optosis. Using our in vitro model of biliary cryptospo-
ridiosis, we show here that only the cells directly infected
with the parasite display NF-kB nuclear translocation
and that cells undergoing apoptosis are limited to by-
stander uninfected cells (i.e., those cells not directly
invaded by C. parvum). Inhibition of NF-kB activation
both by a proteasome inhibitor, MG-132, and the spe-
cific NF-kB inhibitory peptide, SN50, significantly en-
hanced C. parvum–induced apoptosis in uninfected by-
stander cells while simultaneously inducing apoptosis in
directly infected cells. These original observations
suggest that while C. parvum triggers apoptosis in by-
stander-uninfected epithelial cells (a process that may
represent a host defense reaction to limit spread of the
infection), NF-kB activation in directly infected epithe-
lial cells by C. parvum makes these cells resistant to
apoptosis, a process that would benefit the survival and
propagation of the organism. Indeed, our observations
are supported by a recent study that showed that inhi-
bition of NF-kB activation enhances C. parvum–induced
apoptosis in intestinal epithelial cells in vitro.45 Protec-
tion against apoptotic cell death in directly infected cells
by NF-kB activation has also been reported in other
apicocomplexan parasitic infections such as Theileria
parva and Toxoplasma gondii,10,46 raising the possibility
that this is a common characteristic of parasites belong-
ing to the phylum Apicomplexa.
In conclusion, using an in vitro model of biliary
cryptosporidiosis in an immortal but nonmalignant hu-
man bile duct epithelial cell line, we have shown for the
first time that C. parvum activates the NF-kB system in
directly infected biliary epithelial cells, an event that
enhances survival of infected cells (Figure 6). Further-
more, C. parvum activation of the NF-kB system also
results in secretion of IL-8 presumably contributing to
the inflammatory reaction in the bile ducts caused by this
microbe. Future studies should use in vivo infectious
models and define the molecular mechanisms of NF-kB
activation and antiapoptotic signals activated by NF-kB
in directly infected cells and apoptosis in bystander-
uninfected cells, respectively.
References
1. Flanigan TP, Soave R. Cryptosporidiosis. Prog Clin Parsitol 1993;
3:1–20.
2. Lopez-Velez R, Tarazona R, Garcia Camacho A, Gomez-Mampaso
E, Guerrero A, Moreira V, Villanueva R. Intestinal and extraintes-
tinal cryptosporidiosis in AIDS patients. Eur J Clin Microbiol Infect
Dis 1995;14:677–681.
3. Cockerill FR, Hurley DV, Malagelada JR, LaRusso NF, Edson RS,
Katzmann JA, Banks PM, Wiltsie JC, Davis JP, Lack EE Jr. Polymi-
crobial cholangitis and Kaposi’s sarcoma in blood product trans-
fusion–related acquired immune deficiency syndrome. Am J Med
1986;80:1237–1241.
4. Vakil NB, Schwartz SM, Buggy BP, Brummitt CF, Kherelllah M,
Letzer DM, Gilson IH, Jones PG. Biliary cryptosporidiosis in HIV-
infected people after the waterborne outbreak of cryptosporidio-
sis in Milwaukee. N Engl J Med 1996;334:19–23.
5. Wilcox CM, Monkemuller KE. Hepatobiliary diseases in patients
with AIDS: focus on AIDS cholangiopathy and gallbladder dis-
ease. Dig Dis 1998;16:205–213.
6. Lumadue JA, Manabe YC, Moore RD, Belitsos PC, Sears CL, Clark
DP. A clinicopathologic analysis of AIDS-related cryptosporidiosis.
AIDS 1998;12:2459–2466.
7. Teare JP, Daly CA, Rodgers C, Padley SP, Coker RJ, Main J, Harris
JR, Scullion D, Bray GP, Summerfield JA. Pancreatic abnormali-
ties and AIDS related sclerosing cholangitis. Genitourin Med
1997;73:271–273.
8. Chen XM, Levine SA, Tietz P, Krueger E, McNiven MA, Jefferson
DM, Mahle M, LaRusso NF. Cryptosporidium parvum is cytopathic
for cultured human biliary epithelia via an apoptotic mechanism.
Hepatology 1998;28:906–913.
9. Chen XM, Gores GJ, Paya CV, LaRusso NF. Cryptosporidium
parvum induces apoptosis in biliary epithelia by a Fas/Fas ligand-
dependent mechanism. Am J Physiol 1999;277:G599–G608.
10. Heussler VT, Machado J Jr, Fernandez PC, Botteron C, Chen CG,
Pearse MJ, Dobbelaere DA. The intracellular parasite Theileria
parva protects infected T cells from apoptosis. Proc Natl Acad Sci
U S A 1999;96:7312–7317.
11. Siebenlist U, Franzoso G, Brown K. Structure, regulation and
function of NF-kB. Annu Rev Cell Biol 1994;10:405–455.
Figure 6. Schematic model of C. parvum–induced NF-kB activation
and its relevance to IL-8 secretion from, and associated epithelial
apoptosis in biliary epithelial cells. Although C. parvum causes apo-
ptosis in uninfected bystander biliary epithelial cells from Fas activa-
tion, the organisms induce NF-kB activation in infected biliary epithe-
lia, resulting in the release of IL-8 to stimulate an inflammatory
reaction and inhibition of apoptosis in infected cells to facilitate
parasite survival and propagation.
1782 CHEN ET AL. GASTROENTEROLOGY Vol. 120, No. 7
12. Clarkson RW, Heeley JL, Chapman R, Aillet F, Hay RT, Wyllie A,
Watson CJ. NF-kappaB inhibits apoptosis in murine mammary
epithelia. J Biol Chem 2000;275:12737–12742.
13. Wang CY, Mayo MW, Korneluk RG, Goeddel DV, Baldwin AS Jr. NF-kB
antiapoptosis:induction of TRAF1 and TRAF2 and c-IAP1 and c-IAP2 to
suppress caspase-8 activation. Science 1998;281:1680–1683.
14. Irmler M, Steiner V, Ruegg C, Wajant H, Tschopp J. Caspase-
induced inactivation of the anti-apoptotic TRAF1 during Fas li-
gand-mediated apoptosis. FEBS Lett 2000;468:129–133.
15. Romashkova JA, Makarov SS. NF-kB is a target of AKT in anti-
apoptotic PDGF signalling. Nature 1999;401:86–90.
16. Laurent F, Eckmann L, Savidge TC, Morgan G, Theodos C, Naciri
M, Kagnoff MF. Cryptosporidium parvum infection of human in-
testinal epithelial cells induces the polarized secretion of C-X-C
chemokines. Infect Immun 1997;65:5067–5073.
17. Seydel KB, Zhang T, Champion GA, Fichtenbaum C, Swanson PE,
Tzipori S, Griffiths JK, Stanley SL Jr. Cryptosporidium parvum
infection of human intestinal xenografts in SCID mice induces
production of human tumor necrosis factor alpha and interleu-
kin-8. Infect Immun 1998;66:2379–2382.
18. Campbell AT, Robertson LJ, Smith HV. Viability of Cryptospo-
ridium parvum oocysts: correlation of in vitro excystation with
inclusion or exclusion of fluorogenic vital dyes. Appl Environ
Microbiol 1992;58:3488–3493.
19. McDonald V, Stables R, Warhurst DC, Banrer MR, Blewett DA,
Chapman HD, Connolly GM, Chiodini PL, McAdam KP. In vitro
cultivation of Cryptospordium parvum and screening for anticryp-
tosporidial drugs. Antimicrob Agents Chemother 1990;34:1498–
1500.
20. Grubman SA, Perrone RD, Lee DW, Murray SL, Rogers LC,
Wolkoff LI, Mulberg AE, Cherington V, Jefferson DM. Regulation of
intracellular pH by immortalized human intrahepatic biliary epi-
thelial cell lines. Am J Physiol 1994;266:G1060–G1070.
21. O’Donoghue PJ. Cryptosporidium and cryptosporidiosis in man
and animals. Int J Parasitol 1995;25:139–195.
22. Chen XM, LaRusso NF. Mechanisms of attachment and internal-
ization of Cryptosporidium parvum to biliary and intestinal epithe-
lial cells. Gastroenterology 2000;118:368–379.
23. Yang S, Healey MC, Du C, Zhang J. Complete development of
Cryptosporidium parvum in bovine fallopian tube epithelial cells.
Infect Immun 1996;64:349–354.
24. Joe A, Verdon R, Tzipori S, Keusch GT, Ward HD. Attachment of
Cryptosporidium parvum sporozoites to human intestinal epithe-
lial cells. Infect Immun 1998;66:3429–3432.
25. Burnau M, Forget E, Favennec L, Bizet J, Gobert J, Deluol A.
Sexual stage development of Cryptosporidia in the Caco-2 cell
line. Infect Immun 1991;59:4610–4613.
26. Lin YZ, Yao SY, Veach RA, Torgerson TR, Hawiger J. Inhibition of
nuclear translocation of transcription factor NF-kB by a synthetic
peptide containing a cell membrane-permeable motif and nuclear
localization sequence. J Biol Chem 1995;270:14255–14258.
27. Mercurio F, Zhu H, Murray BW, Shevchenko A, Bennett BL, Li JW,
Young DB, Barbosa M, Mann M. IKK-1 and IKK-2: cytokine-
activated IkB kinases essential for NF-kB activation. Science
1997;278:860–866.
28. Huang H, Calderon TM, Berman JW, Braunstein VL, Weiss LM,
Wittner M, Tanowitz HB. Infection of endothelial cells with
Trypanosoma cruzi activates NF-kB and induces vascular adhe-
sion molecule expression. Infect Immun 1999;67:5434–5440.
29. Brand K, Page S, Rogler G, Bartsch A, Brandl R, Knuechel R, Page
M, Kaltschmidt C, Baeuerle PA, Neumeier D. Activated transcrip-
tion factor nuclear factor-kappa B is present in the atheroscle-
rotic lesion. J Clin Invest 1996;97:1715–1722.
30. Faubion WA, Guicciardi ME, Miyoshi H, Bronk SF, Roberts PJ,
Svingen PA, Kaufmann SH, Gores GJ. Toxic bile salts induce
rodent hepatocyte apoptosis via direct activation of Fas. J Clin
Invest 1999;103:137–145.
31. Schmid RM, Adler G. NF-kappaB/rel/IkappaB: implications in gas-
trointestinal diseases. Gastroenterology 2000;118:1208–1228.
32. Elewaut D, DiDonato JA, Kim JM, Truong F, Eckmann L, Kagnoff
MF. NF-kB is a central regulator of the intestinal epithelial cell
innate immune response induced by infection with enteroinvasive
bacteria. J Immunol 999;163:1457–1466.
33. Hauf N, Goebel W, Fiedler F, Kuhn M. Listeria monocytogenes
infection of Caco-2 human epithelial cells induces activation of
transcription factor NF-kappa B/Rel-like DNA binding activities.
FEMS Microbiol Lett 1999;178:117–122.
34. Gewirtz AT, Rao AS, Simon PO Jr, Merlin D, Carnes D, Madara JL,
Neish AS. Salmonella typhimurium induces epithelial IL-8 expres-
sion via Ca(21)-mediated activation of the NF-kB pathway. J Clin
Invest 2000;105:79–92.
35. Keates S, Hitti YS, Upton M, Kelly CP. Helicobacter pylori infec-
tion activates NF-kB in gastric epithelial cells. Gastroenterology
1997;113:1099–1109.
36. Clifton DR, Goss RA, Sahni SK, van Antwerp D, Baggs RB, Marder
VJ, Silverman DJ, Sporn LA. NF-kB–dependent inhibition of apo-
ptosis is essential for host cell survival during Rickettsia rickettsii
infection. Proc Natl Acad Sci U S A 1998;95:4646–4651.
37. Laurent F, Kagnoff MF, Savidge TC, Naciri M, Eckmann L. Human
intestinal epithelial cells respond to Cryptosporidium parvum
infection with increased prostaglandin H synthase 2 expression
and prostaglandin E2 and F2alpha production. Infect Immun
1998;66:1787–1790.
38. Yu Y, Chadee K. Entamoeba histolytica stimulates interleukin 8
from human colonic epithelial cells without parasite-enterocyte
contact. Gastroenterology 1997;112:1536–1547.
39. Eckmann L, Kagnoff MF, Fierer J. Epithelial cells secrete the
chemokine interleukin-8 in response to bacterial entry. Infect
Immun 1993;61:4569–4574.
40. McCormick BA, Hofman PM, Kim J, Carnes DK, Miller SI, Madara
JL. Surface attachment of Salmonella typhimurium to intestinal
epithelia imprints the subepithelial matrix with gradients chemo-
tactic for neutrophils. J Cell Biol 1995;131:1599–1608.
41. Schulte R, Wattiau P, Hartland EL, Robins-Browne RM, Cornelis
GR. Differential secretion of interleukin-8 by human epithelial cell
lines upon entry of virulent or nonvirulent Yersinia enterocolitica.
Infect Immun 1996;64:2106–2113.
42. Forney JR, DeWald DB, Yang S, Speer CA, Healey MC. A role for host
phosphoinositide 3-kinase and cytoskeletal remodeling during Cryp-
tosporidium parvum infection. Infect Immun 1999;67:844–852.
43. Spriggs M. One step ahead of the game: viral immunomodulatory
molecules. Annu Rev Immunol 1996;14:101–103.
44. Kim MJ, Eckmann L, Savidge TC, Lowe DC, Witthoft T, Kagnoff
MF. Apoptosis of human intestinal epithelial cells after bacterial
invasion. J Clin Invest 1998;102:1815–1823.
45. McCole DF, Eckmann L, Laurent F, Kagnoff MF. Intestinal epithe-
lial cell apoptosis following Cryptosporidium parvum infection.
Infect Immun 2000;68:1710–1713.
46. Nash PB, Purner MB, Leon RP, Clarke P, Duke RC, Curiel TJ.
Toxoplasma gondii–infected cells are resistant to multiple induc-
ers of apoptosis. J Immunol 1998;160:1824–1830.
Received January 3, 2001. Accepted February 28, 2001.
Address requests for reprints to: Nicholas F. LaRusso, M.D., Cen-
ter for Basic Research in Digestive Diseases, Mayo Clinic, 200 First
Street, S.W., Rochester, Minnesota 55905. e-mail: larusso.nicholas@
mayo.edu; fax: (507) 284-0762.
Supported by the National Institute of Health grants DK-24031 (to
N.F.L.), NK 91876 (to G.J.G.), and NIAID AI40384 (to C.V.P.), and by the
Mayo Foundation.
The authors thank Dr. R. Marinelli and R.C. Huebert for helpful
discussions and Deb Hintz for excellent secretarial assistance.
June 2001 BILIARY CRYPTOSPORIDIAL INFECTION AND NF–kB ACTIVATION 1783
